base case, due to the reduced water hardness leading to e.g. a decrease in electricity consumption in 23 households. For a relevant comparison, it is therefore essential to include the effects of water hardness 24 when comparing the environmental impacts of water systems of different hardness. This study also 25 emphasizes the necessity of including freshwater withdrawal respecting the relevant affected 26 geographical scale, i.e. by focusing the assessment on the local groundwater catchments rather than on 27 the regional catchments. Our work shows that freshwater withdrawal methods previously used on a 28 regional level can also be applied to local groundwater catchments and integrated into the standard LCA 29
as an impact category. When standard LCA is extended to include impacts of freshwater withdrawal, 30
rain & stormwater and seawater (0.09-0.18 compared to 11.45-17.16 mPET/m 3 7 corresponding normalization reference representing an average European citizen's annual contribution 129 within each impact category. Hereby all the impacts were expressed in person equivalents, representing 130 the impact of consuming 1 m 3 water relative to a person's total annual impact on the environment. The 131 result of the LCA is presented in impact categories within the EDIP method which is a midpoint method 132 (Hauschild & Potting, 2005) . Finally, the normalized impact scores were weighted using weighting 133 factors that for the environmental impacts are based on the distance from current levels of impact to 134 the European or Global politically set targets within each impact category (Stranddorf et al., 2005) . 146 The environmental impacts of withdrawing freshwater are not represented by any of the impact 147 categories, and in order to support inclusion of these potentially important impacts we modified the 148 water use impact method developed for industry by Lévová & Hauschild (2011) 
Freshwater withdrawal impact

Quantification of freshwater withdrawn 161
The withdrawal of freshwater (Q) was quantified in the inventory of the LCA. Since this case is about 162 water production both water withdrawn for water supply and water used throughout the life-cycle was 163 included. In the city combined sewers lead rain & stormwater to the wastewater treatment plants 164
where it after treatment is discharged into the Sea. Since the precipitation does not infiltrate and 165 increase the groundwater recharge the volumes withdrawn for production were not included for cases 166 based on rain & stormwater as well as seawater. 167
We assumed that the water used throughout the life-cycle originated from local groundwater. Water 168 leaving the production or returned to the same local water catchment after treatment was deducted. 169
Characterization factor 170
In the characterization step the freshwater use impact was converted into its potential impact on the 171 freshwater environment. The Characterization factor (CF) was calculated as follows: 172 without consideration of the specific site. This is considered a precautionary decision and primarily 177 applicable for comparison of exploitation among groundwater catchments (Danish Nature Agency, 178 2011). This relatively high EWR has been estimated lower (35%) for the surface and groundwater 179 catchments in the region (Smakhtin et al., 2004) . We applied 65% of WR for EWR as the default and 180 tested the application of a lower EWR in our sensitivity analysis. CFs were calculated for all local water 181 catchments identified in the EU-WFD plans and a weighted average representing the total abstraction of 182 HOFOR was calculated according to the volume withdrawn in each region. Hereby CFs were based on 183 local measures of sensitivity of freshwater withdrawal and FWI was characterized to express the 184 contribution to the standard environmental impacts from water withdrawal. 185
Normalization and weighting
186
The results for FWI were normalized by dividing with the normalization reference for the local area as 187 water use impacts are generally considered depending on the local conditions ( where collected the water is UV-treated. The water is of non-potable quality and is used for flushing 231 toilets and washing clothes. The area is as most parts of Copenhagen drained by combined sewers and 232 the decoupling of the rain and stormwater is a significant environmental advantage of A1 as electricity 233 consumption for transport and treatment of wastewater is reduced. Rainwater is soft but since it passed 234 through a filter of CaCO 3 particles the resulting hardness of the non-potable water was 145 mg/L as 235 CaCO 3 (Jensen, 2009 ). This hardness is lower than in the drinking water in the base case (A0). Effects of 236 changed hardness levels in the households were included in the LCA, i.e. decreased consumption of 237 laundry detergent and electricity and prolonged service life of washing machine and toilets (Godskesen 238 et al., 2012) . 239
A2 Compensating actions 240
Compensating actions (case A2) cover various initiatives implemented to fulfill the requirements for 241 water flows in watercourses to maintain the current abstraction volume as described by the 242 implementation of EU-WFD. In this study compensating actions included abstraction of groundwater, 243 transfer of water from lakes to watercourses and reestablishment of wetlands from forest land (Table  244 1). Besides the various compensating actions A2 included all processes in the base case (A0). Regarding12 calculation of the characterization factor (CF) it was assumed that HOFOR obtained permissions for 246 groundwater withdrawal equivalent to the permissions before EU-WFD resulting in a CF at 247 approximately 1. 248
A3 New well fields 249
The new well site case (A3) is also equivalent to the base case with addition of a 20 km longer pipeline 250 from well fields to the waterworks. In A0 water is transported 5 km from well fields to waterworks. The 251 longer distance means increased energy consumption. Regarding FWI we assumed we could find well 252 fields with a surplus of available groundwater according to the EU-WFD within this distance. Therefore, 253
CF was estimated to 1. 254
A4 Desalination 255
Copenhagen is situated at the entrance to the Baltic Sea (Øresund) and desalination of seawater is an 256 option. The treatment plant is considered to be located 5 km south of the city. First, water is filtrated 257 mechanically (150μm) to remove large particles, a coagulant is added and pH adjusted and the water is 258 ultra filtrated where 10% of the water is lost and returned to Øresund after extraction of dry material. 259
An anti scaling agent is added before the water passes through a 2 step reverse osmosis membrane and 260 hydrochloric acid and sodium hydroxide are dosed regularly to clean membranes from fouling. Finally 261 calcium hydroxide is added and the water UV treated (Rygaard, 2010) . The water has a hardness of 108 262 mg/L as CaCO3 when distributed as drinking water and the positive effects in the households due to the 263 lower hardness were included in the LCA as for Case A1. The effects for A4 are besides the ones 264 mentioned for A1 decreased electricity consumption when heating water (washing machine, coffee 265 maker and kettle), decreased consumption of soap for personal hygiene, etc. (Godskesen et al., 2012) , 266
see Table 1 for all included effects. 267 13
Sensitivity Analysis
268
Selected parameters were changed to check the robustness of the results for standard LCA impact 269 categories and FWI and are described in (Table 3) The results of the cases differ markedly for the impact scores for the EDIP impact categories (Table 4) The environmental impact category with the highest importance for the 4 cases is global warming 294 potential (67-80% of the total environmental impacts; Table 4) and this impact over the life cycle of the 295 15 water production originates from different parts when dividing them into infrastructure and electricity 296 (Fig. 2) . The contribution from water treatment is relatively higher for A1 compared to the others. The 297 cases relying on groundwater abstraction (A0, A2 -A3) show very similar patterns with little contribution 298 from water production and more than 50% from wastewater transport and treatment. If wastewater 299 treatment had not been included, these 3 cases would have had the lowest impact, but then the cases 300
would not have been comparable, since the rain & stormwater harvesting reduced the amount of 301 wastewater to be treated. This emphasizes the importance of a thorough assessment of proper system 302 boundaries, functional unit, etc. in the preparation of an LCA (ISO, 2006) . 303
Effects of water hardness 304
This study shows that a difference in water hardness of 215 mg/L as CaCO 3 or higher between the 305 systems is important to the results of the LCA (Fig. 2 , negative values of A1 and A4) which is in 306 accordance with findings of a previous study (Godskesen et al., 2012) . Lower water hardness reduces 307 global warming impact of the desalination case A4 from 224.7 to 151.4µPET and the total environmental 308 impact from 336.7 to 204.8µPET (Table 4) requirements of the desalination process, we found an increase of only 60% in total environmental 312 impacts when comparing desalination with our base case. This relatively small increase is mainly due to 313 the positive effects of reduced water hardness. 314
Toxicity impacts of A1 and A4 are relatively low (125.7 and 180.6µPET) primarily due to reduced 315 consumption of laundry detergent and prolonged service life of household appliances compared to the 316 base case (Table 4) . Also consumption of chromium and copper is reduced due to prolonged service life 317 of domestic appliances and hence lower consumption of chromium for alloying of steel. These effects of 318 reduced water hardness are also the reason for the net benefit in freshwater withdrawal of A4 (Table 3 ) 319 since it is assumed that the water extraction for manufacture of the household appliances occurs in the 320 catchment areas. Thus the systems delivering water with reduced water hardness have relatively lower 321 impacts regarding toxicity and resource consumptions even though included infrastructure materials or 322 electricity consumption are higher. 323 324 Characterization factor (CF) for the FWI of groundwater withdrawal of the base case was 1.51. When 325 either compensating the environment by water transfer to the water scarce watercourses or moving 326 well fields out where more water is available CF was reduced to 1.38 or 1.00, respectively (Table 5 ). The 327
Freshwater withdrawal impact (FWI)
FWIs were higher for the groundwater-based cases (A0, A2 and A3) due to higher freshwater withdrawal 328 (Q, Table 3 ). FWI was negative for A4 meaning the case provides a net benefit in freshwater availability. 329 Table 6 shows that the WTAs of our region's groundwater resources (0.48-0.61) are similar to WTA for 331 freshwater resources in Spain (0.33) suggesting that our withdrawal of groundwater is as severe as 332 withdrawal of freshwater in Spain. 333
For comparison the withdrawal-to-availability indicator (WTA) (Milà-i-Canals et al., 2009) was applied. 330
Water stress index 334
The base of the CF is also called the water stress index (WSI) which is also another way of determining 335 environmental water balance: 336
WSI is categorized as presented in Table 7 (Smakhtin et al., 2004) . Applying this definition to HOFOR's 338 groundwater catchments (1.73) shows that the withdrawal is categorized as environmental water scarce 339 (Table 5-7) . A WSI of 1 as for A3 implies that on average the actual water use is equivalent to the 340 utilizable freshwater volume however it still indicates environmental water stress for low flow water 341 courses in the water catchments. Aggregating catchments for a larger area (Sjaelland -Copenhagen and 342 nearby rural area bounded by the Sea) still results in water stress (WSI 1.37). Upscaling to national level 343 or moving to rural areas results in low CFs and WSIs (0.05 -0.28) indicating withdrawals which are 344 environmentally safe (Table 6 ). CF has previously been considered lower (0.04) for the country when 345 focusing on the entire freshwater resources (ground and surface water) (Lévová & Hauschild, 2011) . We 346 here show the necessity of downscaling since this is where we find the magnitude of the impact on the 347 local water bodies. We also see the importance of distinguishing groundwater from surface water when 348 calculating impacts of freshwater withdrawal. Surface water and groundwater are two different 349 resources which do not present the same scarcity and may not even serve the same users or purposes, 
LCA and Freshwater withdrawal impact (FWI)
353
The contribution from FWI to the total environmental impact is substantial (-0.02 -17.04 mPET) ( We also show that the methods previously used on national levels can be applied to local water 364 catchments and can be integrated into the standard LCA method as an impact category (Fig. 3) focusing 365 on the relevant local source. Including the FWI in the LCA (Fig. 3) changed the ranking of the cases 366 compared to the ranking by the standard LCA. The rain & stormwater case (A1) continues to have lowest 367 impact and the desalinated seawater (A4) goes from being the highest environmental burden to the 368 second lowest when including FWI. The cases relying on groundwater (A0, A2 and A3) obtain a higher 369 impact due to the heavy withdrawal of groundwater which after delivery and use in the urban area is 370 treated at the WWTP and discharged into the Sea. If reclaimed wastewater is returned to restore natural 371 flows it would have changed the impact of the cases. 372
Sensitivity analysis 373
The results from the standard LCA and FWI are relatively robust as they do not change much when 374 altering most of the selected parameters in the sensitivity analysis (Fig. 4) . However future predictions 375 of changes in electricity mix significantly decreased the environmental impacts of a standard LCA when 376 the renewable share of the energy mix was increased. The sensitivity analysis clearly states that with an 377 energy mix in 2050 consisting of 100% renewables the A4 desalination of seawater has the lowest 378 impact compared to groundwater based technologies with high water hardness and no central softening 379 applied. However, this change in water production will lead to an overall increased energy consumption 380 which is unfavorable in terms of environmental impacts unless it is based on surplus electricity from the 381 grid. We also see that in 2050 rain & stormwater harvesting is less favorable due to the electricity 382 needed to build large concrete basins for storage since our model contains basins constructed with 383 electricity mix of today. We find that changing the EWR from 65 to 35% halves the impact of the FWI. 384 EWR is in our study somewhat arbitrary since it has been predetermined by authorities without 385 considerations of local conditions. However, it does not change the fact that whether EWR is low or high 386 the FWI category is significantly higher than the standard LCA categories and therefore is essential to 387 include in our LCA (Fig. 4) . with an electricity mix of 100% renewable sources desalination of seawater (A4) has the lowest 416 environmental impact when it comes to the standard LCA and FWI, provided that renewable 417 electricity sources will be able to meet the increased electricity use that would result from a 418 
Processes or descriptor of the cases A0-A4
Water intake method A0 Abstraction of groundwater including establishment of well sites; Electricity for abstraction and transport to waterworks (5 km) A1
Harvesting of rainwater (pipes to storage basin) and stormwater (transported and stored in large pipe lines) A2
As described for A0; Establishment of wells and pumps pumping ground-and surface water into watercourses 3-6 months a year; Re-establishment of wetlands A3
As described for A0; 25 km pipeline for transport of raw water to waterworks A4 Intake of brackish seawater from Øresund Water treatment A0 Establishment of waterworks; Aeration and sand filtration at waterworks A1 Rainwater: Storage basin (700 m 3 ); UV treatment. Stormwater: Dual porosity filtration; UVtreatment A2
As described for A0
A3
As described for A0 A4 Establishment of desalination plant; Coagulation and acid treatment; Ultra filtration; Reverse Osmosis; Remineralization; UV treatment Distribution of water and effects in the households A0 Establishment of the existing piped distribution system from waterworks to tap; Water hardness 362 mg/L as CaCO 3 -effects in households are considered zero-effect A1 Piped distribution system from basin to tap; Water hardness of 145 mg/L as CaCO 3 -effects in households leading to decreased consumption of laundry detergent, prolonged service life of washing machine and toilets A2 As described for A0 A3
As described for A0 A4 Establishment of the existing piped distribution system from plant to tap; Water hardness of 108 mg/L as CaCO 3 -effects in households leading to decreased consumption of: Soap for personal hygiene; Laundry detergent; Electricity consumption (washing machine, coffee maker and kettle); Soap for doing dishes by hand and Salt for regeneration of ion exchanger fitted on dishwasher; Prolonged service life: Washing machine; Dishwasher; Coffee maker; Kettle and Toilets; More energy efficient district heating Transport and treatment of wastewater and rain A0, A2, A3 & A4
Pumped via combined sewer system to the wastewater treatment plant before discharged to the Sea (Øresund). Energy consumption is included for wastewater processes.
A1
Rain-& stormwater is harvested and prevented from entering combined sewer system Results of the sensitivity analysis on Total environmental impact of the 4 cases for selected parameters. The parameters "More rain, +10%"; "New well sites, 65% Energy for transportation" and "Effects of soft water reduced 25%" were only calculated for A1, A3 and A1 and A4 respectively as the parameters only had an effect for these specific cases.
